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Introduction
Nonviral pharmaceutical vectors, such as polymeric nanoparticles, liposomes, micelles, nanocapsules, solid lipid nanoparticles, niosomes, and other vectors, have been widely used for drug/gene delivery because they are less toxic, less immunogenic, and easy to be modified [1] [2] [3] [4] [5] . Biodegradable polymeric nanoparticles have been used frequently as gene delivery vehicles due to their extensive bioavailability, better encapsulation, high stability, and minimal toxicity [6, 7] . They can be tailor-made to achieve both controlled drug release and active targeting by tuning the polymer characteristics and shaping the surface through nanoengineering [8, 9] . A number of different polymers, both synthetic and natural, have been utilized in formulating biodegradable nanoparticles [10] [11] [12] [13] [14] .
One of the most extensively investigated polymers for nanoparticles is the biodegradable and biocompatible poly (D,L-lactide-co-glycolide) (PLGA), which has been approved by the FDA for certain human clinical uses [15] . In our previous study, a novel mannan modified DNA loaded bioadhesive PLGA nanoparticles (MAN-DNA-NPs) were investigated for targeted gene delivery to the rats Kupffer cells (KCs) [16] . Bioadhesive PLGA nanoparticles were prepared and subsequently bound with pEGFP. Following the coupling of the mannan-based PE-grafted ligands (MAN-PE) with the DNA-NPs, the MAN-DNA-NPs were delivered intravenously to rats and achieved high in vivo transfection efficiency. So PLGA nanoparticles modified with mannan could be a promising carrier for gene delivery.
Poly(ethylene glycol) (PEG) modification of nanocarriers have emerged as common strategies to ensure stealth shielding and long-circulation and could also provide the nanocarriers active targeting properties by covalent attached with the wide assortment of targeting ligands by amide bonding or disulfide bridge formation [17] . A series of PEG containing ligands commonly named PEG-phosphatidylethanolamine (PEG-PE) conjugates were reported by Torchilin's group. They demonstrated that PEG-PE conjugates with various PEG lengths and terminal targeted moieties can provide extremely stable, long-circulating, and active-targeting nanocarriers spontaneously accumulate in specific sites [4, 18, 19] . Then PEG-PE was widely used in nanoparticulate formulations [20, 21] . After that, several ligands i.e. PEG-PE (TAT-PEG-PE for instant) were also applied for targeted delivery of drugs/genes [22] [23] [24] .
In this study, a novel conjugated ligand mannan-PEG-PE (MN-PEG-PE) was synthesized, and MN-PEG-PE modified bioadhesive PLGA nanoparticles were investigated as active targeted gene delivery system using plasmid enhanced green fluorescent protein (pEGFP) as the model gene. The novel modified vectors were intravenous delivered to rats and in vivo targeting behavior of MN-PEG-PE modified PLGA nanoparticles/pEGFP complexes (MN-PEG-PE-NPs/ pEGFP) in liver macrophages was investigated in comparison with non-modified NPs/pEGFP complexes and Lipofectamine 2000/pEGFP (Lipo/pEGFP) complexes. 
Materials and Methods

Synthesis of MN-PEG-PE Ligands.
MN-PEG-PE ligands were synthesized as described in Figure 1 . Boc-NH-PEG-COOH (100 mg) was dissolved with dimethyl sulfoxide (DMSO) and stirred with PE (36 mg) as a mixture. 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide (EDC·HCl) (72 mg) and triethylamine (TEA, 1 equivalent of EDC·HCl) were dissolved in DMSO and added dropwise into the mixture in an ice bath, stirred for 36 hours, then the concentrated hydrochloric acid was used to detach the Boc group, to produce NH 2 -PEG-CO-NH-PE. Mannan (100 mg) was dissolved with sodium hydroxide (1 M, 1 mL) and stirred for 30 min for alkalinization, then chloroacetic acid (20%, 1 mL) was added into the solution and stirred in an oil bath (60
• C) for 6 h. After that, hydrochloric acid (1 M) was added until pH 2-3 to complete the carboxymethylation of mannan [25] . Carboxymethylated mannan was then stirred with NH 2 -PEG-CO-NH-PE in DMSO solution, and EDC·HCl mixed with TEA (1 equivalent of EDC·HCl, in DMSO) were added dropwise into the solution in an ice bath, stirred for 24 hours. DMSO was moved by rotary evaporation, and the product was dialyzed against Milli-Q water for 24 hours to finally form MN-PEG-PE. 
Preparation of pEGFP Loaded
Bioadhesive PLGA Nanoparticles. Bioadhesive PLGA nanoparticles (NPs) were prepared following the methods described previously by our group [16] . Briefly, Carbopol 940 (CP) was dispersed in distilled water at room temperature and left overnight to swell. Required amount of 1 M NaOH was added to neutralize the dispersion until pH 7.0 was reached and diluted with distilled water to afford a 0.02% (w/v) CP solution. Bioadhesive PLGA nanoparticles were prepared under optimized conditions by a nanoprecipitation method (solvent displacement technique) [26, 27] . 50 mg of PLGA polymer was accurately weighted and dissolved in 3 mL acetone. The organic phase was added dropwise into the 0.02% CP solution being stirred at 600 rpm at room temperature. When complete evaporation of the organic solvent had occurred, the redundant stabilizers and the nanoparticles were separated by ultracentrifugation at 1000 g, 4
• C for 20 min. The pellet was resuspended in Milli-Q water, washed three times, and filtered through a 0.45 μm membrane.
The reporter gene pEGFP was mixed with the PLGA nanoparticles by vortexing the nanoparticle suspension with a 1 mg/mL solution of DNA for 20 s. Incubation of the mixture for 30 min at RT facilitated the formation of the pEGFPloaded PLGA nanoparticles (NPs/pEGFP) ( Figure 2 ). [28, 29] . Briefly, MN-PEG-PE ligands were dissolved in 2 mL of phosphate buffered saline (PBS, pH 7.4). Then the solution was added dropwise into 10 mL of NPs/pEGFP complexes that was stirred at 600 rpm at RT leading to the immediate modification. Subsequently, free MN-PEG-PE was removed from modified NPs/pEGFP by gel chromatography using a Sephadex G-50 column (GE Healthcare, Sweden). The obtained complexes were resuspended in Milli-Q water, washed three times, and filtered through a membrane with 0.80 μm pore size to obtain MN-PEG-PENPs/pEGFP. To optimize the modification ratio, MN-PEG-PE ligands dissolved in PBS were designed at different weight rate to the NPs/pEGFP (w/w). The particle sizes and zeta potential of complexes were determined using a Zetasizer Nano-ZS instrument (Malvern Instruments, UK).
Modification of NPs
Determination of MN-PEG-PE Modification.
To confirm the success of modification and determine the best ratio of MN-PEG-PE to NPs/pEGFP, several experiments were carried out.
Particle Sizes Determination and PicoGreen-Fluorometry Assay.
During the modification procedure, MN-PEG-PE ligands were coated onto the NPs/pEGFP carriers due to the bioadhesive property of CP coated on the surface of the NPs. Theoretically, the more ligands modified onto the carriers, the better targeted delivery ability they will achieve. However, excessive modification could mask the surface change of the particle and cause the instability of the system. The complexes may disintegrate and pEGFP would detach from the vector and cause the notable decrease of the gene loading capacity, or the particles may aggregate and cause the mutation of particle size. The particle sizes of the complexes at different ratios of MN-PEG-PE to NPs/pEGFP were detected to optimize the modification rate. The rates that obviously increase the particle sizes of the complexes are not suitable.
PicoGreen-fluorometry assay was used to further determine the appropriate modification rate of MN-PEG-PE ligands and also to quantitate the amount of pEGFP carried by the optimum modified NPs [30] . Different ratios of MN-PEG-PE to NPs/pEGFP were prepared and the pEGFP was isolated from the MN-PEG-PE-NPs/pEGFP by centrifugation at 1000 g, 4
• C for 30 min. The concentration of pEGFP was determined by fluorescence, comparing with the supernatant from NPs. The amount of pEGFP loaded in the NPs was calculated according to the linear calibration curve of pEGFP.
Concanavalin A (Con A) Agglutination Study.
Binding of the terminal α-mannose residues to Con A causes agglutination of the complexes in solution, resulting in an increase in turbidity [31] . Con A agglutination assay was performed to indentify the MN-PEG-PE ligands successfully modified onto the NPs/pEGFP surface. 100 μL of MN-PEG-PENPs/pEGFP complexes was added into 500 μL of Con A (1 mg/mL) in PBS (pH 7.4) with 5 mM of calcium chloride (CaCl2) and 5 mM of magnesium chloride (MgCl2). The increase in turbidity at 360 nm (OD360) was monitored.
Isolation and Culture of KCs.
KCs were isolated from SD rats under pentobarbitone anaesthesia using the method described before [16] . Briefly, the rat's portal vein was cannulated and perfused with HBSS for 10 min, the liver was excised, and the perfusate was discarded. The liver was then perfused with 0.2% pronase, then with a recirculating solution of 0.05% pronase and 0.05% collagenase until the liver was digested. The liver was then cut into small pieces, suspended in the solution containing 0.02% pronase, 0.05% collagenase, and 0.005% DNase, and agitated. Following digestion, the liver homogenate was filtered through sterile gauze and centrifuged. The supernatant was removed and the pellet resuspended in Percoll gradient. Aliquots of this cell suspension were added to aliquots of Percoll gradient. These were carefully overlaid with HBSS and centrifuged. The nonparenchymal cell-enriched layer observed at the interface between the two layers was carefully harvested and diluted with HBSS. The suspension was then centrifuged to precipitate the KCs, which were then seeded into a 96-well microtiter plate in RPMI 1640 supplemented with 10% fetal bovine serum (FBS) and antibiotics. After incubation at 37
• C for 2 h under 5% CO 2 atmosphere, the culture medium was replaced by 200 μL fresh RPMI 1640 to yield the purified KCs.
The isolated KCs were defined on the basis of the presence of phagocytosis of latex beads and positive immunostaining with antibody to the epitope ED2. With the abovementioned method, about 8.28 × 10 7 /rat liver KCs were • C and 5% CO 2 . The cell viability was then assessed by MTT assay. 5 mg/mL of MTT in PBS was then added to each well, and the plate was incubated for an additional 4 h at 37
• C under the aforementioned 5% CO 2 atmosphere. Then the MTT containing medium was removed, and the crystals formed by living cells were dissolved in 100 μL DMSO. The absorbance at 570 nm was determined by a microplate reader. Untreated cells were taken as a control with 100% viability, and cells without the addition of MTT were used as a blank to calibrate the spectrophotometer to zero absorbance. The relative cell viability (%) compared to control cells was calculated using (Abs sample /Abs control ) × 100.
In Vitro Transfection Analysis.
For transfection efficiency analysis, the KCs were seeded into 24-well plates at a density of 1 × 10 5 cells/well in 1 mL of RPMI-1640 with 10% FBS. After about 24 h, the media were replaced with 400 μL transfection media containing MN-PEG-PE-NPs/pEGFP. Naked DNA, unmodified NPs/pEGFP, and Lipo/pEGFP were used as controls. The original incubation medium was replaced with 1 mL of complete medium after incubation at 37
• C for 4 h under a 5% CO2 atmosphere. The cells were incubated and studied until 72 h after transfection. The fluorescent cells were observed using an inversion fluorescence microscope, at which time pictures were taken for the record.
In Vivo Gene
Delivery. Adult male SD rats were divided into four groups (six rats in each group) and injected intravenously with 1 mL of MN-PEG-PE-NPs/pEGFP, NPs/ pEGFP, Lipo/pEGFP, and naked pEGFP. At predetermined time intervals, the rats' KCs were isolated as described in Section 2.7. The cells were washed with 1 mL of PBS (100 g, 4
• C for 5 min) and were detached with trypsin/EDTA. The supernatant was discarded and resuspended with 300 μL of PBS and added into the flow cytometry to determine the amount of KCs which has been successfully transfected.
Statistical Analysis.
All studies were repeated three times, and all measurements were carried out in triplicate. Results were reported as means ± SD (SD = standard deviation). Statistical significance was analyzed using the Student's t-test. Differences between experimental groups were considered significant when the P value was less than 0.05 (P < 0.05).
Results
Characterization of pEGFP Loaded NPs.
Mean particle size, polydispersity index (PDI), and zeta potential of NPs, NPs/pEGFP, and MN-PEG-PE-NPs/pEGFP were characterized and summarized in Table 1 .
Optimization of the MN-PEG-PE Modification Rate.
The particle sizes of the complexes at different ratios of MN-PEG-PE to NPs/pEGFP were detected and illustrated in Figure 3 . With the increasing of the modification rate (from 5% to 20%), the particle size of NPs showed no obvious change (all around 210 mn). When the ratio of the ligands was increased to 35%, the particle size decreased to about 180mn, and then the size rose to 530 mn when the rate reached 45%.
PicoGreen-fluorometry assay was used to further determine the best modification rate of MN-PEG-PE ligands to the NPs/pEGFP carriers. Different ratios of MN-PEG-PE to NPs/pEGFP were prepared through the same method, and the amount of pEGFP was quantitated. Gene loading quantity(%)=(total amount of pEGFP − the amount of free pEGFP)/total amount of DNA × 100. The loading quantity of pEGFP loaded in the various modified NPs was calculated and displayed in Figure 4 . Nonmodified NPs (0%) reach the gene loading quantity of 88.46%. With the increasing of the modification rate (from 5% to 20%), the loading amount of pEGFP showed no obvious change (all around 88%). When the ratio of the ligands was above 20%, the loading capacity was decreased, and observed only 36% gene carried at the ratio of 35%. Then the loading amount increased when the rate increased above 35%.
As the results proved clearly, the optimized rate of the MN-PEG-PE to NPs/pEGFP was 20%. This ratio was determined and used for the further experiments.
Determination of MN-PEG-PE Modification.
Con A agglutination study was applied to further indentify the MN-PEG-PE ligands successfully modified onto the NPs/pEGFP surface. As stated above, the ratio of the MN-PEG-PE to NPs/pEGFP was 20% in this experiment and the following investigation. The appearance in turbidity was monitored for 180 seconds ( Figure 5 ).
MN-PEG-PE-NPs/pEGFP showed apparently increase in turbidity and reached 0.19 at the end of 180 s. NPs and NPs/pEGFP formulations appeared to show no significant increase in turbidity.
In Vitro Cytotoxicity Evaluation.
In vitro cytotoxicity of MN-PEG-PE-NPs/pEGFP and non-modified NPs/pEGFP at various concentrations was evaluated by MTT assay. The cell viabilities of the NPs over the studied concentration range (10∼200 μg/mL) were between 80% and 100% compared with controls ( Figure 6 ). MN-PEG-PE-NPs/pEGFP exhibited no higher cytotoxicity than NPs/pEGFP and Lipo/pEGFP at all concentrations (P > 0.05).
In Vitro Transfection Analysis.
The in vitro transfection efficiencies of MN-PEG-PE-NPs/pEGFP and NPs/pEGFP in KCs after 72 h of transfection were analyzed. Naked DNA was used as a negative control. When compared with naked DNA and NPs/pEGFP, MN-PEG-PE-NPs/pEGFP had higher transfection efficiency at different time intervals (Figure 7 ).
In Vivo Gene Delivery.
After intravenous injection with 1 mL of MN-PEG-PE-NPs/pEGFP, NPs/pEGFP, and naked pEGFP, the rats were euthanized and the KCs were isolated at 48 h and 72 h. Flow cytometry was applied to quantitate the amount of cells which have been successfully transfected. As shown in Figure 8 , MN-PEG-PE-NPs/pEGFP displayed a remarkably higher transfection efficiency than non-modified NPs/pEGFP (P < 0.05) and naked pEGFP (P < 0.05), especially at 72 h after transfection.
Discussion
Biodegradable polymeric nanoparticles have been used frequently as gene delivery vehicles because they can be tailor made and surface modified to achieve both controlled drug release and active targeting. In the present study, novel conjugated mannan containing ligand MN-PEG-PE was synthesized and MN-PEG-PE modified bioadhesive PLGA nanoparticles were investigated as active targeting gene delivery system.
Journal of Nanomaterials We began our investigation by synthesizing mannan containing PEG-PE ligand. Here, mannan is the target moiety which could bind to the mannose receptor (MR) in the macrophage, and PEG-PE is the spacer linked into the surface of NPs. It is reviewed that the length and flexibility of the spacer between the carbohydrate head group and nanocarrier surface mainly influence the target specificity and uptake of vectors by macrophages [33] . PEG-PE conjugates were reported, and TATp-PEG 2000 -PE conjugates have been applied for the modification of nanocarriers to form activetargeting vectors [22] , thus PEG 2000 -PE was used at the anchor.
After the preparation of bioadhesive NPs and binding of NPs with pEGFP, MN-PEG-PE ligands were modified onto the NPs/pEGFP complexes by solvent diffusion method. The mannose group density is an important factor on the targeting efficiency [34] and vectors modified with higher content of sugar residues usually exhibit more efficient cellular recognition and internalization compare with lower sugar density. So theoretically, the more MN-PEG-PE ligands modified onto the carriers, the better targeted delivery ability they will achieve. However, excessive modification could mask the surface change of the particle and cause the instability of the system. The complexes may disintegrate, and pEGFP would detach from the vector and cause the notable decrease of the gene loading capacity, or the particles may aggregate and cause the mutation of particle size. Particle size measurement was applied, and particle sizes of the complexes at different ratios of MN-PEG-PE to NPs/pEGFP were detected (Figure 3) . With the increasing of the modification rate (from 5% to 20%), the particle size of NPs showed no obvious change (all around 210 mn). When the ratio increased to 35%, the size decreased to about 180mn, which may be explained by the separation of pEGFP form the vectors. When the rates continue to rise, the size rose to above 500 nm. This could be the proof of the aggregation of the NPs. PicoGreen-fluorometry assay was used to further determine the appropriate modification rate of MN-PEG-PE ligands and also to quantitate the amount of pEGFP carried by the optimum modified NPs. With the increasing of the modification rate (from 5% to 20%), the loading amount of pEGFP showed no obvious change (all around 88%). When the ratio of the ligands was above 20%, the loading capacity was decreased, and observed only 36% gene carried at the ratio of 35%. Then the loading amount increased when the rate increased above 35%. This could be explained by the aggregation of NPs reload with some of the pEGFP released form the NPs and caused the increase of loading amount to around 60%.
Con A was the first legume lectin recognized as one of the mannose-specific lectins and believed to play a role in recognition of mannose containing vectors [31, 35] . It was extensively used for the evaluating of glycoconjugates [36, 37] . Binding of the terminal α-mannose residues to Con A causes agglutination of the complexes in solution, resulting in an increase in turbidity. As shown in Figure 5 , MN-PEG-PE-NPs/pEGFP showed apparent increase in turbidity and NPs and NPs/pEGFP formulations appeared to show no significant increase in turbidity. These could be the evidence of the success of mannan containing ligands modified onto the nanoparticle surface.
Targeting macrophages is one of the promising therapeutic ways to treat genetic metabolic diseases such as human immunodeficiency virus infection because macrophages play a major role in the immune response to foreign antigen [38] . KCs are liver-specific resident macrophages that play an integral part in the physiological homeostasis of the liver. They have significant roles in acute and chronic responses of the liver to bacterial and viral infections and toxic or carcinogenic attack as well as mediating hepatotoxicity [39] . In this study, rat KCs were isolated and used as model cells for in vitro cytotoxicity evaluation and transfection analysis. MN-PEG-PE-NPs/pEGFP exhibited no higher cytotoxicity than NPs/pEGFP and Lipo/pEGFP at all concentrations. When compared with naked DNA and NPs/pEGFP, MN-PEG-PE-NPs/pEGFP had higher transfection efficiency at different time intervals. This may be explained by the active targeting mechanism mediated by sugar-lectin recognition. The MN-PEG-PE-NPs/pEGFP were more likely to bind to the KCs through the MR on the cells and delivered the DNA more easily into the cells to express EGFP. The cells exhibited better green fluorescence at 48 and 72 hours. So 48 h and 72 h were chosen as the time points for the in vivo gene delivery study.
The in vivo gene delivery and expression studies were applied in the animal models to test the gene delivery ability of the modified gene vectors. After intravenous injection, the rats were euthanized and the KCs were isolated at 48 h and analyzed with flow cytometer. MN-PEG-PE-NPs/ pEGFP displayed higher transfection efficiency (36.07%) than non-modified NPs/pEGFP (21.73%) and naked pEGFP (0.82%) at 48 h and remarkably higher transfection efficiency (47.15%) than non-modified NPs/pEGFP (8.16%) and naked pEGFP (1.31%) at 72 h. These results could demonstrate, MN-PEG-PE modified NPs had the ability to target liver KCs, deliver more genes into the cells and display higher transfection efficiency. The higher transfection efficiency at 72 h after injection could also illustrate the controlledrelease ability of the vehicles. These evidences could strongly support the active targeting ability of mannan containing PEG-PE modified bioadhesive PLGA nanoparticles, and the resulting vectors would be very useful in gene delivery both in vitro and in vivo.
Conclusions
In the present study, we further confirmed the observations of other laboratories and the researches of our group that mannose-mediated targeting can successfully deliver genes into MR expressing cells. This investigation could also demonstrate that having mannose containing targeting ligands, such as MN-PEG-PE in this research, in DNA loaded PLGA NPs could significantly improve the transfection efficiency. By carefully formulating the carriers with an optimal ratio of MN-PEG-PE, efficient gene expressions were achieved in rats' KCs both in vitro and in vivo. These evidences could strongly support the active targeting ability of mannan containing PEG-PE modified bioadhesive PLGA nanoparticles, and the resulting vectors would be very useful in gene delivery both in vitro and in vivo.
